Binding of FliG to H-NS and StpA were measured using a GST pull-down assay. 129
Proteins were expressed separately in two strains, using plasmid pHT100 (57) derivatives to 130 express the GST fusions to H-NS or StpA (and their mutant variants) and pSL27 (69) to express 131 FliG (or its variants). Control experiments used GST only, expressed from plasmid pHT100. The 132 parent strain was RP3098 (ΔflhDC), which expresses no flagellar genes from the chromosome. 133
Cells were cultured overnight at 32°C in 40 ml TB containing appropriate antibiotics and 400 134 μM IPTG. Cells were harvested and resuspended in lysozyme-containing buffer as described 135 previously (39). After one hour on ice, cells were disrupted by sonication. Debris was pelleted 136 (16,000 x g, 40 min, 4°C), and 50 μl of the supernatant was saved for use in estimating the 137 amount of FliG present before addition of affinity beads. The rest (~1 ml) was transferred to a 138 clean tube, mixed with 150 μl of a 50% slurry of glutathione-Sepharose 4B (Pharmacia) prepared 139 according to the manufacturer's directions, and incubated for 1 h at room temperature with 140 gentle rotation to allow binding. The Sepharose beads were then pelleted by a 1 min 141 microcentrifuge spin, washed twice with 1 ml of phosphate-buffered saline containing 1% BSA 142 and 0.1% Triton-X, and pelleted again by a brief spin. The beads were then incubated with 50μl 143 of elution buffer (50mM reduced glutathione in 50mMTris-HCl [pH 8]) for 10 min at room 144 temperature with gentle rotation to release the GST-H-NS/GST-StpA and associated proteins. 145
Beads were then pelleted, and the supernatant was collected for analysis by SDS-PAGE gel 146 electrophoresis and immunoblotting using anti-FliG antibody (57). 147
Membrane isolation. MS296 (w.t.), MS1162 (Δhns) and RP3098 (ΔflhDC) strains 148 expressing pflhDC from a plasmid (pKP85) were transformed with plasmid pSL27 (69) 149 expressing FliG. Cells were cultured overnight at 37˚C in 10 ml LB with appropriate antibiotics. 150
Cell density was measured and cells were pelleted and resuspended in lysis buffer (50 mM Tris 151 on November 4, 2016 by guest http://jb.asm.org/ Downloaded from pH 8.0, 500 mM NaCl, 1 mM EDTA, 0.2 mg/ml lysozyme) using a volume (minimally 1 ml) 152 adjusted to give constant cell density. Cells were incubated on ice for 1 h, sonicated for 1 min, 153 and centrifuged (4˚ C, 16,000 x g, 30 min) to separate membrane and cytosolic fractions. Pellets 154 (the membrane fraction) were resuspended in gel-loading buffer containing SDS and 2-155 mercaptoethanol. The supernatant (cytosolic fraction) was transferred to a fresh tube, mixed with 156 110 μl trichloroacetic acid solution, placed on ice for 10 mins, and then centrifuged (4˚ C, 16,000 157
x g, 10 min). Precipitated protein was resuspended in gel-loading buffer. Samples of the 158 cytosolic and membrane fraction were electrophoresed on SDS-PAGE gels and immunoblotted 159 with anti-FliG antiserum. 160
Assays of motility. Motility in soft agar was measured essentially as described by Tang 161 et. al. 1995 (56) , using deletion strains (supplementary table 1) transformed with plasmids 162 encoding the corresponding wild-type or mutant proteins. Soft-agar plates contained 0.27% agar, 163 antibiotics, and inducers (IPTG or Na-salicylate) at the concentrations indicated. To examine 164 effects of over-expressed StpA (pKP181) and StpA F21C (pKP211) in the hns null strain, cells of 165 strain MS1162 (Δhns) containing the flhDC-expression plasmid (pKP85) were transformed with 166 the relevant plasmids and expression was induced using 2.5 μM Na-salicylate. Controls were 167 transformed with the parent vectors pKG116 and pTBM30. Assays of surface swarming used 168 LB plates containing 0.5% glucose and 0.5% Eiken-agar. 169 SDS-PAGE and immunoblotting. Protein samples were separated on 10% SDS-PAGE 170 minigels (Bio-Rad MiniProtean system) and transferred to nitrocellulose using a semidry transfer 171 apparatus (Bio-Rad). Rabbit polyclonal antibody against FliG was prepared as described 172 previously (35) and used at a 1,500-fold dilution. FliG-HA tagged proteins were detected by 173 mouse anti-HA antibody using 1:1000-fold dilution (Covance, USA induced by H-NS appears to occur within assembled motors, because it was not observed when 205 the experiment was carried out in a ΔflhDC strain that does not assemble flagella ( Figure 1D ). 206
We conclude that H-NS influences the organization of FliG subunits in the motor. 207 (residues 1-64) showed little if any interaction with FliG ( Figure 2B ). Point mutations were in 233 surface-exposed residues of H-NS and included a replacement (T108I) that was shown 234 previously to strengthen the interaction with FliG (15), as well as the G111S and G113D 235 mutations that were shown to weaken the binding to DNA (60). Mutant variants of H-NS were 236 fused to GST and pulldown experiments were performed as before. Binding to FliG was 237 weakened by the H-NS mutations Q112D, G113D, and R114W, strengthened by the mutations 238 T108I and G111S, and unaffected by the mutations K107W, A122D, G127D, and L130D 239 ( Figure 2B ). Residues 112-114 are grouped together in the C-terminal domain of H-NS, partially 240 overlapping a surface implicated in binding to DNA (51, 60) . To examine the functional 241 consequences of the H-NS mutations, plasmids expressing the mutant H-NS variants were 242 transformed into the Δhns strain and rates of migration in soft agar were measured (Table 1) Dimerization of H-NS is required for motility. H-NS is known to form stable dimers 248 and higher oligomers (47). A study of deletion constructs showed that the self-association 249 involves segments comprising residues 1-46 and residues 60-89 (8, 51). To examine the 250 importance of H-NS oligomerization for flagellar motor function, we tested the function of H-NS 251 proteins lacking these segments in a complementation assay using the Δhns, flhDC-constitutive 252 strain. As expected from the binding results, an H-NS protein lacking the C-terminal domain (H-253 NS 1-63 ) did not support motility. A construct lacking 71 N-terminal residues conferred weak 254 motility, whereas one with an 84-residue deletion, and thus lacking almost all of the 255 oligomerization determinants, was non-functional. When this H-NS 85-137 construct was fused to a 256 leucine-zipper domain to induce dimerization, substantial motility was restored ( Figure 2C ). 257
Together, the results indicate that H-NS must form dimers to act effectively at the motor. Given this functional interchangeability it seemed likely that StpA might also bind FliG. 272
This was confirmed in a pull-down experiment using GST-StpA ( Figure 3C ). StpA has been 273 shown to form a heterodimer with H-NS (23), and so to rule out the involvement of an StpA/H-274 NS heterodimer the pull-down experiment was also carried out in Δhns cells. FliG was again co-275 isolated with GST-StpA ( Figure 3D ). To identify the binding regions on FliG the experiment was 276 carried out using the collection of FliG surface-residue mutations. StpA binding was unaffected 277
by mutations in FliG residues 147, 170, 202, 225, and 255 but was prevented by mutations in 278 residues 125, 126, and 160, indicaing a binding to the EHPQR motif similar to that of H-NS 279 ( Figure 3E) . 280
Overexpression of H-NS enhances motility in some circumstances. Given the 281 importance of H-NS for FliG subunit organization, we were prompted to ask whether 282 overexpression of H-NS might be beneficial for motor performance under any circumstances. 283
Interactions at the rotor-stator interface appear to be largely electrostatic (64, 69), and motility in 284 soft-agar plates is reduced under conditions of high ionic strength (27, 69) . When H-NS was 285 overexpressed, motility in standard soft-agar plates was not significantly affected, but the defect 286 at high ionic strength (0.2 M -0.3 M NaCl) was alleviated significantly ( Figure 4A ). Further, a 287
FliG mutant in which two of the interfacial residues are neutralized (D288N/D289N) exhibits a 288 severe motility impairment that could be partially rescued by overexpression of H-NS (Figure  289 4B). Because a stable rotor-stator interface might be especially important for cells migrating in 290 relatively firm agar, we next examined H-NS effects on motility in plates containing more than 291 on November 4, 2016 by guest http://jb.asm.org/ Downloaded from the usual amount of agar (up to 0.42%). H-NS overexpression had little effect on motility in 292 standard (0.27%) soft-agar plates but was clearly beneficial as agar concentration was increased 293 to 0.39% or higher ( Figure 4C ). At even higher agar concentrations, motility changes to a 294 surface-associated swarming mode (20). H-NS proved especially important for swarming 295 motility: cells expressing H-NS at a level sufficient to give strong motility in conventional 296 motility plates were unable to swarm on 0.5%-agar plates ( Figure 4D ). Since H-NS is a positive 297 regulator of flhDC, the improved motility at high salt and agar concentrations might be due to 298 up-regulation of all flagellar genes. To test this we compared the swarming of wild-type cells and 299 cells overexpressing flhDC from an inducible plasmid. Overexpression of flhDC did not improve 300 motility at either high salt or high agar concentrations (data not shown). 301
Further evidence of H-NS acting at FliG M . The H-NS-binding site on FliG M lies near 302
the helix that links this domain to FliG C . The precise disposition of this helix is still uncertain as 303 it occurs in different conformations in different crystal structures (11, 31, 40) , but in any case it 304 is expected to play an important role in the positioning of FliG C . To probe the conformation of 305 the linking helix and to look for the effects of H-NS, we introduced Cys residues in positions that 306 are in proximity in a recent crystal structure (31), and measured yields of intra-molecular cross-307 linking. Two Cys pairs were made. Both showed efficient intra-molecular cross-linking on 308 treatment with oxidizing agent (data shown for the 121/179 pair in Figure 4E ). Yield of the 121-309 179 cross-link was substantially decreased upon overexpression of H-NS, and was increased in 310 the Δhns strain ( Figure 4E) . 311
Interplay between H-NS and YcgR. The cyclic-di-GMP binding protein YcgR has 312
recently been shown to regulate flagellar motility, by mechanisms that involve both FliG and 313 available to bind H-NS (see Figure 6 ). In two recently proposed alternative models (31, 40) 
